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Post-transcriptional regulation is an important step in the control of bacterial gene
expression in response to environmental and cellular signals. Pseudomonas putida
KT2440 harbors three known members of the CsrA/RsmA family of post-
transcriptional regulators: RsmA, RsmE and RsmI. We have carried out a global
analysis to identify RNA sequences bound in vivo by each of these proteins. Affinity
purification and sequencing of RNA molecules associated with Rsm proteins were used to
discover direct binding targets, corresponding to 437 unique RNA molecules, 75 of them
being common to the three proteins. Relevant targets include genes encoding proteins
involved in signal transduction and regulation, metabolism, transport and secretion, stress
responses, and the turnover of the intracellular second messenger c-di-GMP. To our
knowledge, this is the first combined global analysis in a bacterium harboring three Rsm
homologs. It offers a broad overview of the network of processes subjected to this type of
regulation and opens the way to define what are the sequence and structure determinants
that define common or differential recognition of specific RNAmolecules by these proteins.
Keywords: RNA-binding proteins, global regulation, biofilm, rhizosphere, amino acid metabolism, c-di-GMP
signaling
INTRODUCTION
By coordinating the expression of a large number of genes, global regulatory networks allow bacteria
to adjust their physiology according to environmental stimuli, changes in their lifestyle, or in
nutritional status (Ishihama, 2010; Coggan and Wolfgang, 2012; Shis et al., 2018). Transcriptional
regulators and sigma factors influencing the expression of different sets of bacterial genes have been
widely studied for decades, starting shortly after the postulates of Jacob and Monod on operons,
operators and messenger RNA were put forward (Jacob and Monod, 1961). A second instance of
protein expression regulation, namely post-transcriptional modulation affecting mRNA stability,
structure or translation, mediated by proteins or small non-coding RNAs, has gained increasing
attention in the past 2 decades, but is still less well studied (Romeo et al., 2013; Van Assche et al.,
2015; Hör et al., 2018). Among the post-transcriptional regulators identified in prokaryotes, the
CsrA/RsmA family of proteins seems to be widely conserved in many bacteria and, in some cases,
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more than one member of this family are present in a single
species (Reimmann et al., 2005; Morris et al., 2013; Huertas-
Rosales et al., 2016; Ferreiro et al., 2018). These small RNA-
binding proteins generally function as negative effectors of
translation by binding to the 5′untranslated region of target
mRNAs, close to or overlapping with the ribosome binding
site (Baker et al., 2007; Yakhnin et al., 2007), or by causing
premature transcription termination through alterations of the
RNA structure that lead to the exposure of a Rho binding site
(Figueroa-Bossi et al., 2014). However, they can also influence
mRNA stability in a positive way, for example, by masking RNase
E cleavage sites (Yakhnin et al., 2013). CsrA/RsmA proteins can
interact with two RNA motifs, with a strong preference for 5′-
RUACARGGAUGU-3′ consensus sequences located in the loops
of short RNA hairpins (Dubey et al., 2005; Duss et al., 2014).
Small non-coding RNAs (sRNA) containing multiple binding
motifs play an opposing regulatory role by sequestering the CsrA/
RsmA proteins, thus limiting their access to target mRNAs
(Romeo, 1998; Kay et al., 2005; Sonnleitner and Haas, 2011;
Janssen et al., 2018). In Pseudomonas, expression of these
regulatory RNAs is controlled by the two-component system
GacS/GacA (Brencic et al., 2009), in response to as yet not well-
defined signal(s).
CsrA/RsmA proteins play a global role in modulating gene
expression (Romeo, 1998; Lawhon et al., 2003; Brencic and Lory,
2009; Romeo et al., 2013; Romero et al., 2018). The functions
identified as being under this type of regulation in different
bacteria include carbohydrate metabolism and storage (Sabnis
et al., 1995; Yang et al., 1996; Pannuri et al., 2016), synthesis of
flagellar components (Yakhnin et al., 2007, Yakhnin et al., 2013),
the production of secondary metabolites (Sonnleitner and Haas,
2011; Morris et al., 2013), quorum sensing signaling (Lenz et al.,
2005), or the expression of virulence factors (Heroven et al., 2012;
Sterzenbach et al., 2013; Vakulskas et al., 2015; Ferreiro et al.,
2018). Global analyses have been done in bacteria harboring one
CsrA/RsmA family protein to identify elements in the signaling
and regulatory network associated to them (Lawhon et al., 2003;
Sowa et al., 2017) or to othologous elements (Romero et al., 2018).
In the plant-root colonizing, beneficial bacterium
Pseudomonas putida KT2440, three genes have been identified
that encode post-transcriptional regulators belonging to the
CsrA/RsmA family. These proteins (RsmA, RsmE and RsmI),
have opposing effects on surface motility and biofilm formation;
deletion of the three genes abolishes swarming motility and
stimulates bacterial attachment and biofilm formation,
although the biofilms formed by a triple rsm mutant are more
labile and easily dispersed than wild type biofilms (Huertas-
Rosales et al., 2016). These alterations are associated with
changes in the expression of some components of the
extracellular matrix of biofilms (Huertas-Rosales et al., 2016)
and with increased levels of the intracellular second messenger
cyclic diguanylate (c-di-GMP) (Huertas-Rosales et al., 2017). The
three proteins were found to bind specific motifs in the leader
sequence and translation initiation region of the mRNA of cfcR
(Huertas-Rosales et al., 2017), which encodes a response regulator
with diguanylate cyclase activity (Matilla et al., 2011; Ramos-
González et al., 2016). Although the binding affinity was different
for each Rsm protein, deletion of any single one of the three genes
had no significant influence on expression of cfcR (Huertas-
Rosales et al., 2017), indicating the existence of some
functional redundancy between RsmA, RsmE and RsmI. Based
on sequence similarity with related strains, the putative
antagonistic sRNAs RsmY and RsmZ could also be identified
in KT2440 (Huertas-Rosales et al., 2016). Still, little is known
about the binding specificities of these proteins in P. putida.
To further understand the importance of these proteins in
signal transduction and regulation of global gene expression in P.
putida, we have used a high-throughput approach to identify
RNA sequences bound by Rsm proteins. Our data indicate that a
significant number of genes are susceptible of being modulated at
the post-transcriptional level by these proteins, and support the
existence of a certain degree of functional overlap between the
three Rsm homologs. This approach has enabled us to gain new
insights into the biological function of these post-transcriptional
regulators in P. putida, including their role in some metabolic
processes and bacterial fitness in the plant root environment.
MATERIALS AND METHODS
Bacterial Strains, CultureMedia andGrowth
Conditions
The bacterial strains, plasmids and oligonucleotides used in this study
are listed in Table 1. Pseudomonas putida KT2440 is a plasmid-free
derivative of P. putida mt-2 (Regenhardt et al., 2002). Pseudomonas
putida strains were grown at 30°C, in rich LB medium (Lennox,
1955), M9 or M8 defined medium (Sambrook and Russell, 2001)
supplemented with 1mM MgSO4, 6mg/L ammonium ferric citrate
and trace metals as described previously (Yousef-Coronado et al.,
2008). Unless otherwise indicated, glucose (20mM) or sodium citrate
(15mM) were used as carbon sources. Escherichia coli strains were
grown at 37°C in LB.When appropriate, antibiotics were added to the
medium at the following final concentrations (µg/ml): ampicillin
(Ap) 100; kanamycin (Km) 25; streptomycin (Sm) 50 (E. coli) or 100
(P. putida); (Gm) gentamycin 50; tetracycline (Tc) 10 or 20. Cell
growth was followed by measuring optical density at 660 nm
(OD660).
DNA Techniques
Digestion with restriction enzymes, dephosphorylation, ligation
and electrophoresis were carried out using standard methods
(Ausubel et al., 1987; Sambrook and Russell, 2001) and following
manufacturers’ instructions. Plasmid DNA isolation and recovery
of DNA fragments from agarose gels were carried out using
QIAGEN miniprep and gel extraction kits, respectively.
Competent cells were prepared using calcium chloride, and
transformations were performed using standard protocols
(Sambrook and Russell, 2001). Electrotransformation of freshly
plated Pseudomonas cells was performed as previously described
(Choi et al., 2006).
Triparental Conjugations
Transfer of plasmids from E. coli to P. putida strains was
performed by triparental matings using as a helper for RP4
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transfer functions E. coli (pRK600) or SM10 λpir (pUX-BF13),
the latter when miniTn7 transposase was required for intergenic
site-specific insertion of miniTn7 derivatives near glmS (Koch
et al., 2001), used to tag the wild type and each rsm mutant
(Table 1) for rhizosphere assays (see below). For each strain, cells
were collected from 0.5 ml of overnight LB cultures via
centrifugation, then washed and suspended in 50 µL of fresh
LB, and finally spotted on nitrocellulose filters (0.22 µm pore
diameter) on LB-agar plates. After overnight incubation at 30°C,
cells were scraped off from the mating filter and suspended in
2 ml of M9, and serial dilutions were plated on selective medium
(M9 with citrate and the appropriate antibiotics) to select
exconjugants and counter-select donor, helper, and recipient
strains.
Purification of Total RNA and RNA from
Rsm-RNA Complexes
Previously constructed derivatives of expression vector pME6032
harboring each rsm gene (Huertas-Rosales et al., 2016) were used
to express His-tagged Rsm proteins in P. putida KT2440.
Overnight cultures (10 ml) of wild type KT2440 harboring
each construct were inoculated in 500 ml of LB medium.
Three biological replicates were run in parallel. Cultures were
incubated at 30°C under shaking until an OD660 of 0.8 was
reached. At that point, expression of each His-tagged-Rsm
protein was induced by the addition of IPTG to a final
concentration of 0.5 mM. Cultures were allowed to grow for
six additional hours. Aliquots of 1.5 ml were then harvested by
centrifugation, instantly frozen with liquid nitrogen and stored at
−80°C for total RNA purification. Cells from the remaining
culture volume were also harvested and pellets were stored at
−80°C until use. His-tagged Rsm-RNA complexes were isolated
using Ni-NTA Fast Start purification kit (Qiagen). Three replicate
extractions were done for each culture replica. Elution aliquots
were analyzed by SDS-PAGE.
Total RNA and RNA from Rsm-RNA complex was extracted
using RNA isolation kit (Macherey-Nagel) following the
manufacturer’s instructions. RNA samples were subsequently
treated with RNase-free DNase I (Turbo DNA-free kit,
Ambion) to remove DNA traces, as specified by the supplier.
Total RNA quality was assessed using Agilent RNA 6000 Nano
Kit (Agilent Technologies) in the Agilent 2100 Bioanalyzer. RNA
concentration was measured using Qubit RNA BR assay kit (Life
Technologies). 1 µg of RNA was used for rRNA depletion using
Ribo-Zero rRNA Removal Kit (Illumina). One of the biological
TABLE 1 | Bacterial strains, plasmids and oligonucleotides used in this work.
Strains Genotype/relevant characteristics References/source
P. putida
KT2440 Wild-type, pWWO-free derivative of P. putida mt-2 PRCCa
ΔI Null rsmI derivative of KT2440 10
ΔE Null rsmE derivative of KT2440 10
ΔA Null rsmA derivative of KT2440 10
ΔIE Double null rsmI, rsmE derivative of KT2440 10
ΔIA Double null rsmI, rsmA derivative of KT2440 10
ΔEA Double null rsmE, rsmA derivative of KT2440 10
ΔIEA Triple null rsmI, rsmE, rsmA derivative of KT2440 10
KT2440-miniTn7-Km KmR, miniTn7Km-tagged derivative of KT2440 This work
KT2440-miniTn7-Sm SmR, miniTn7Sm-tagged derivative of KT2440 This work
ΔA-miniTn7-Sm SmR, miniTn7Sm-tagged derivative of ΔrsmA This work
ΔE-miniTn7-Sm SmR, miniTn7Sm-tagged derivative of ΔrsmE This work
ΔI-miniTn7-Sm SmR, miniTn7Sm-tagged derivative of ΔrsmI This work
ΔEA-miniTn7-Sm SmR, miniTn7Sm-tagged derivative of ΔrsmEA This work
ΔIA-miniTn7-Sm SmR, miniTn7Sm-tagged derivative of ΔrsmIA This work
ΔIE-miniTn7-Sm SmR, miniTn7Sm-tagged derivative of ΔrsmIE This work
ΔIEA-miniTn7-Sm SmR, miniTn7Sm-tagged derivative of ΔrsmIEA This work
E. coli
AKN63 (pBK-miniTn7-ΩSm1) ApR, SmR, strain for delivery of miniTn7Sm 42
Pir1 (pUC18R6KT-mini-Tn7Km) ApR, KmR, strain for delivery of miniTn7Km Addgene
SM10 λpir (pUX-BF13) ApR, RP4 transfer functions and miniTn7 transposase helper 42
DH5α (pRK600) CmR, helper for conjugation PRCC
Plasmids
pME6032-rsmA TcR, derivative of pME6032 for expression of RsmA-His6 10
pME6032-rsmE TcR, derivative of pME6032 for expression of RsmE-His6 10
pME6032-rsmI TcR, derivative of pME6032 for expression of RsmI-His6 10
Oligonucleotides Sequence (5´→3′)b Use
PT7rpoSFw TTTTCTGCAGTAATACGACTCACTATAGGCTCAAGCGCTGCCAGGGA EMSA, rpoS amplification
PrpoSFTRv AAAAAAAACCCCCCCCCTTTACTGAGAGCCATTG EMSA, rpoS amplification
PT7rsmYFw TTGCGGCCGCTTTTTTTAATACGACTCACTATAGGGTTCTAAGATTGGATCCACTG EMSA, rsmY amplification
PrsmYFTRv AAAAGCGGCCGCAAAAAAAACCCCCCCCCGCCGAAGCGGGGTTTTCCAG EMSA, rsmY amplification
aPseudomonas Reference Culture Collection (http://artemisa.eez.csic.es/prcc/).
bRestriction sites are underlined, inserted T7 polymerase promoter is indicated in bold and sequences used to hybridize with ATTO700-labelled DNA oligonucleotide are highlighted
in gray.
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replicates of RsmA and one of RsmI did not meet the required
quality and quantity standards and were not used in further
analysis.
Generation of c-DNA Libraries and
Sequencing
The generation of cDNA libraries was carried out using NEBNext
Ultra Directional RNA Library Prep kit for Illumina (NEB). Dual
Index Primers Set one was used to generate bar-coded multiplex
libraries (NEB). Library QC was performed using bioanalyser HS
kit (Agilent biotechnologies). cDNA libraries were quantified
using qPCR (Kapa Biosystems). Libraries were pooled at the
desired concentrations, denatured and loaded for sequencing
according to manufacturer’s instructions. Sequencing was
performed on the Illumina MiSeq Benchtop Sequencer to
generate 2 × 75 bp reads. The number of reads obtained
ensured a minimum of 76× coverage of the whole genome for
control RNA and a minimum of 60× coverage for Rsm-
bound RNA.
Bioinformatic Analysis
Filtered reads were aligned to reference genome P. putida
KT2440 (GenBank; RefSeq NC_002947.3) with Bowtie v2
(Langmead et al., 2009). Alignment. sam file was analyzed
using MACS v14 to identify and evaluate the significance of
reads-enriched regions in the genome, the output being one
file containing the peak chromosome coordinates, and one
containing the genome coordinates, summit, p-value,
fold_enrichment and false discovery rate (FDR) of each
peak (Zhang et al., 2008). The average number of tags in
the control samples after filtering was approximately
2,220,000 (RsmA), 1,420,000 (RsmE), and 1,654,000
(RsmI); the average number of tags in the Rsm-bound
samples after filtering was approximately 1,302,000
(RsmA), 550,000 (RsmE), and 1,054,000 (RsmI). Only those
peaks present in the three technical replicates were
considered. Identity and annotation of the targets above
the cut-off values were further validated by individually
inspecting the corresponding chromosomal regions in the
Pseudomonas genome database (www.pseudomonas.com;
Winsor et al., 2016).
EMSA Analysis of in vitro RNA-Protein
Binding
For purification of Rsm proteins, overnight cultures (10 ml) of P.
putida KT2440 harboring plasmids pME6032-rsmA, pME6032-
rsmE, and pME6032-rsmI (Huertas-Rosales et al., 2016) were
used to inoculate 490 ml fresh LB medium supplied with Tc.
Cultures were grown at 30°C and 200 rpm until reaching an
OD660 of 0.8. At this point, IPTG (0.5 mM) was added to induce
the expression of the proteins. After 6 h of further growth, cells
were harvested by centrifugation and pellets subsequently stored
at −80°C. Protein purification was carried out using QIAexpress
Ni-NTA Fast Start Kit (Qiagen), following the manufacturers’
instructions.
Electrophoretic mobility shift assays (EMSA) were carried
out following a method described previously (Romero et al.,
2018). DNA templates corresponding to the target gene
sequences were amplified by PCR using primers that
incorporated a T7 promoter at the 5′ end and a 17-nt
extension at the 3′ end (Table 1). The purified PCR
product was used for RNA synthesis in vitro using the
MAXIscript T7 kit (Life Technologies). The RNA obtained
was visualized by hybridization of an ATTO700-labeled DNA
primer to the 3′ extension of the RNA. Rsm proteins were
incubated with target gene RNA (5 or 10 nM) in 1 × binding
buffer [25]. Binding in the absence or presence of unlabeled
competitor RNA (100-fold excess) was carried out for 30 min
at 30°C. Then Bromophenol Blue was added (0.01%, wt/vol)
before electrophoresis on 6% (w/v) non-denaturing
polyacrylamide TBE gel at 4°C. Imaging was performed
using a 9201 Odyssey Imaging System (LI-COR Biosciences).
Growth with Different Carbon and Nitrogen
Sources
BIOLOG plates (Biolog Inc. Hayward, CA, USA) were used for
initial assessment of growth of KT2440 and the triple ΔrsmIEA
mutant with different nitrogen and carbon sources. Cultures
grown overnight at 30°C in M9 minimal medium with glucose
as carbon source were used for inoculation in the plates at an
initial OD660 of 0.05. Turbidity was measured at different times
over 24 h in a Tecan Sunrise microplate reader. Further
experiments were done in 96-well plates using M9 or M8 with
the indicated carbon or nitrogen sources, at a final concentration
of 5 mM. Growth was followed for 24 h at 3°C with continuous
shaking in a Bioscreen apparatus C MBR equipped with a wide
band filter (420–580 nm).
Competitive Root Colonization Assays
Surface sterilization, germination of corn seeds, and bacterial
inoculation of the seedlings were performed as described
previously (Ramos-González et al., 2013). Briefly, at least six
two-days old seedlings were inoculated with a 1:1 mix (∼5 ×
105 CFU/strain) of KT2440Tn7-Km, as the wild type, and the
wild type or mutant derivatives tagged with miniTn7Sm by
triparental conjugation as described above. Inocula sizes were
monitored by plating on LB-agar supplied with kanamycin or
streptomycin. After 7 days, bacteria were recovered from the
rhizosphere or the root tip as specified (Ramos-González et al.,
2013) and the number of cells of each strain in the population was
estimated by plating on LB-agar supplied with kanamycin or
streptomycin. Data are presented as the index of colonization
fitness (Ramos-González et al., 2013). SigmaStat software package
(Systat software) was used for statistical analysis. The data were
compared using Student’s t-test for independent samples
(p < 0.05).
Data-Availability
Raw and processed data files have been deposited in the Gene
Expression Omnibus Database (www.ncbi.nlm.nih.gov/geo/) and
are available under accession number GSE154204.
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RESULTS AND DISCUSSION
Identification of RNAs Bound to Rsm
Proteins
Affinity purification of RNA-protein complexes followed by
sequencing analysis (RAP-Seq), was carried out to identify
genes that could potentially be regulated at the post-
transcriptional level by RsmA, RsmE or RsmI in P. putida
KT2440. The methodology was similar to that previously
described for genome-wide mapping of targets for RsmN in
Pseudomonas aeruginosa (Romero et al., 2018) and is
summarized in Supplementary Figure S1. Each recombinant
His-tagged Rsm protein (RsmA-His6, RsmE-His6 and RsmI-His6,
previously described; Huertas-Rosales et al., 2016) was over-
expressed in KT2440 as described in Materials and Methods.
Proteins were purified by affinity chromatography and their
associated target RNAs subsequently isolated. As control for
transcription levels, total RNA was isolated from each culture
in parallel. Total and Rsm-bound RNA were analyzed for purity,
quantified and converted to cDNA for Illumina sequencing. One
of the three biological replicates of RsmA and one of RsmI were
below optimal quality and quantity and were not used in further
analysis. Sequence reads from the cDNA libraries were mapped to
the genomic sequence of P. putida KT2440 and analyzed to
identify the regions corresponding to transcripts that were
significantly enriched in the Rsm-bound RNA population with
respect to the total RNA controls. Rsm-enriched RNAs that were
not represented in the three technical replicates from each culture
were not included in further analysis.
A first noticeable result was that the number of sequences
corresponding to RsmE-bound transcripts overrepresented with
respect to total RNA was much higher than those associated to
RsmA or RsmI (Table 2). Data were grouped in intervals and
histograms were built to analyze the distribution of fold-
enrichment (FE) values and p-value (PV) data–shown as
-10×log10(p-value) for ease of representation–in each case
(Figure 1). In all cases, the distribution was similar between
biological replicates for each Rsm regulator. The distribution of
FE values was similar for RsmA and RsmI, with slightly lower
values in the former (Table 2). For RsmE, the distribution was
different and the average values higher. These different values
between Rsm proteins could reflect differences in expression of
each construct. In fact, controls for each protein indicate that
higher amount of RsmE than of the other two proteins is
recovered after purification (Supplementary Figure S2).
The analysis of distributions and the confidence intervals
calculated for each technical replicate were the basis to
establish cut-off values for further analysis of Rsm targets
(Table 3). Is should be noted that in this analysis we opted
for rather strict parameters in order to take into account
sequences strongly overrepresented in the Rsm-bound RNA
population with respect to the total RNA controls, and also to
minimize the number of potential false positives, at the expense of
missing some RNA sequences that are actual targets of these
proteins. Thus, the following cut-off values were established: PV
> 130, FE ≥ 2.15 for RsmA; PV > 170, FE ≥ 4 for RsmE; PV > 145,
FE ≥ 2.5 for RsmI. Targets for which either value was below the
cut-off in one of the replicates were discarded.
Using these parameters, 241, 261, and 206 RNA sequences
were identified as targets for RsmA, RsmE and RsmI, respectively
(Supplementary Table S1), corresponding to 437 unique
transcripts, with 75 targets being shared by all three Rsm
proteins and between 36 and 45 shared by two of them
(Figure 2A). Interestingly, around 40% of the RsmE and
RsmA targets are exclusive for each protein, while only 22% of
the RsmI targets are unique for this paralog. It should be noted
that the cDNA libraries generated in this study were not strand-
specific and therefore, did not allow distinguishing the DNA
strand to which the transcript corresponds. Consequently, in
some cases where divergently transcribed genes are adjacent in
the genome, it is not straightforward to discern which of them is
the actual target, although the length of overlap between the
enriched sequences and each gene, and the location of the summit
(i.e. the position of maximal overlap of the reads corresponding to
one region) can indicate the most likely target. Despite this
limitation, the above results indicate that at least 12% of the
transcripts in P. putida KT2440 are bound in vivo by Rsm
proteins under the conditions tested in this study. The data
provide a broad overview of the regulon and potential
functions of these riboregulators.



















RsmA1 2.15 130 243 241
RsmA2 595 2.33 135 266
RsmA3 596 2.33 128 244
RsmE1 908 4 4 180 170 327 270 261
RsmE2 851 4.22 150 320
RsmE3 850 4.62 181 402
RsmI1 557 2.68 2.5 153 145 244 209 206
RsmI2
RsmI3 596 2.53 137 238
Shadowed in gray the discarded replicas.
aConfidence intervals of each data distribution, α  0.05.
bAfter discarding redundancies where the analysis identifies more than one peak in a single RNA molecule.
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TABLE 3 | Annotation and functional classification of common targets for the three Rsm proteins in P. putida KT2440.
Locus Gene Annotation Notes
Metabolism
PP_0053 sulfide:quinone oxidoreductase Sulfur metabolism
PP_0158 gcdH Glutaryl-CoA dehydrogenase Operon (PP_0159: family III CoA-transferase)
PP_0292 hisA Phosphoribosylformimino-5-aminoimidazole carboxamide ribonucleotide
isomerase
Operon hisBHAF; histidine synthesis
PP_0626 ndh NADH dehydrogenase
PP_0711 ycaC-I Putative hydrolase Isochorismatase family
PP_1032 guaA Glutamine-hydrolyzing GMP synthase Purine metabolism
PP_1073 glpD Aerobic glycerol-3-phosphate dehydrogenase
PP_2080 gdhB NAD-specific glutamate dehydrogenase
PP_2217 Enoyl-CoA hydratase
PP_2437 Acyl-CoA dehydrogenase
PP_2640 GNAT family acetyltransferase
PP_2681 pqqD-
II
Pyrroloquinoline quinone biosynthesis chaperone
PP_4571 cysK Cysteine synthase K Cysteine biosynthesis
PP_5003 phaA poly (3-hydroxyalkanoate) polymerase Synthesis of carbon/energy reserve polymers
PP_5079 aroK Shikimate kinase Biosynthesis of aromatic amino acids
PP_5199 ubiH 2-Octaprenyl-6-methoxyphenyl hydroxylase Ubiquinone biosynthesis
Protein synthesis, degradation and modification
PP_1434 era GTPase Era Maturation of 16S rRNA and assembly of the 30S ribosomal subunit
PP_1443 lon-I DNA-binding ATP-dependent protease Might indirectly regulate the levels and activity of sRNAs through
stability of hfq
PP_3620 ycaO Ribosomal protein S12 methylthiotransferase accessory factor Post-translational peptide modification
PP_4559 def-II Peptide deformylase Processing of nascent peptides
PP_5364 clsA Cardiolipin synthase
Transport and secretion
PP_0907 RND family multidrug transporter Antimicrobial resistance
PP_1015 gtsA Mannose/glucose ABC transporter substrate-binding protein
PP_2195 Periplasmic putrescine-binding protein
PP_3089 hcp1 Type VI secretion system effector protein Part of the K1-T6SS
PP_3099 tssC1 Type VI secretion system Part of the K1-T6SS
PP_3108 tke2 Type VI secretion system effector protein Part of the K1-T6SS
PP_4542 ABC transporter ATP-binding protein/permease
Stress response
PP_1210 dps DNA-binding stress protein
PP_3156 Universal stress protein family
PP_3234 HSP20 family heat shock protein Putative chaperone
PP_3312 HSP20 family heat shock protein Putative chaperone
PP_4541 ppiA Peptidyl-prolyl cis-trans isomerase A Protein folding; stress response and biofilm in different bacteria
Signal transduction and regulation
PP_0173 Transcriptional factor-like protein Winged helix DNA binding domain
PP_0546 Sigma-54 dependent transcriptional regulator Putative acetoin metabolism regulator
PP_0563 Two-component system respose regulator - GGDEF domain c-di-GMP turnover
PP_1492 wspE Two-component system sensor histidine kinase/response regulator (CheA/
WspE)
Part of the wsp cluster (biofilm formation)
PP_3761 cfcA Two-component system sensor histidine kinase/response regulator CfcR phosphorylation and activation
PP_3765 turB H-NS family protein (MvaT homolog) Repressor of gene expression
PP_3832 rsmE Post-transcriptional regulatory protein RsmE
PP_4099 uvrY Two-componenent system response regulator Operon with uvrC (nucleotide excision repair)
Non-coding RNAs
PP_mr05 rsmY Non-coding RNA
PP_mr44 Non-coding RNA
PP_mr52 Non-coding RNA
(Continued on following page)
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Analysis of RsmA, RsmE and RsmI Targets
The 75 targets common to the three Rsm proteins are compiled in
Table 3, broadly classified according to their functions. As reflected
in Figure 2B, about half of the common targets correspond to two
categories: metabolism-related and hypothetical proteins. The
fact that functions related to central metabolism and carbon
storage are among these common targets is not unexpected,
since carbon metabolism was at the origins of the identification
of the CsrA/Rsm family of proteins (Sabnis et al., 1995). Other
expected elements include RNAs corresponding to Rsm
proteins themselves: rsmE is a target for the three proteins,
and rsmA is recognized by RsmE, confirming previous
expression data that indicated the existence of self- and
cross-regulation of these proteins (Huertas-Rosales et al.,
2016). Also expected was the small non-coding RNA rsmY,
known to bind and titrate Rsm proteins (Sonnleitner and Haas,
2011; Janssen et al., 2018). Binding of rsmY to the three Rsm
proteins could be confirmed in vitro by EMSA analysis
(Figure 3), serving as positive control that the high
throughput methodology used was successful, although the
affinity appears to be different in each case, being RsmI the
protein that required higher concentrations for binding to be
detected. A second small RNA previously identified in P. putida,
rsmZ (Huertas-Rosales et al., 2016), involved in titration of Rsm
proteins in other bacteria (Janssen et al., 2018), is among the
targets common to RsmA and RsmE (Table 4, Supplementary
Table S1). Other non-coding RNAs could also be identified as
bound to one, two or the three Rsm proteins (Table 2). This
might suggest a possible ancillary role in titration of Rsm
proteins, which led us to analyze them in some detail.
Secondary structure predictions indicate that GGA motifs in
short stem-loop structure, typical targets for CsrA/RsmA
recognition (Dubey et al., 2005; Duss et al., 2014), are
present in at least some of these RNA molecules, namely
PP_mr15, PP_mr49 and PP_mr55 (Supplementary Figure
S3). However, while rsmY and rsmZ show several of these
motifs, only one per molecule was present in the other three.
Also, conserved GacA binding sites, involved in transcriptional
regulation of Rsm-titrating RNAs in other Pseudomonas species
(Brencic et al., 2009) could be identified in the regions upstream
TABLE 3 | (Continued) Annotation and functional classification of common targets for the three Rsm proteins in P. putida KT2440.
Locus Gene Annotation Notes
DNA recombination and transposition
PP_1813 comEA-like protein DNA binding and recombination domain
PP_1865 Transposase ISPpu8 + intergenic region
PP_2114 Transposase ISPpu8 + intergenic region
intergenic Putative ISPpu8 insertion site Long palindromic region downstream PP_3547
PP_4318 Transposase ISPpu8 + intergenic region
Cell envelope and appendages (LPS, EPS, pili)
PP_0063 (lpxL) Lipid a biosynthesis lauroyl acyltransferase LPS synthesis
PP_2926 udg UDP-glucose 6-dehydrogenase may be involved in LPS synthesis
PP_3139 Group 1 family glycosyl transferase Part of the pea operon - EPS synthesis
PP_4795 Lipoprotein LptE family - LPS assembly
PP_4920 Lipoprotein PdaC superfamily (polysaccharide deacetylase)
PP_5083 pilM Type IV pili biogenesis protein PilM Operon 5083-5079 (type IV pili + aroK)
Hypothetical/unknown function
PP_5720 Pseudogene
PP_0085 Hypothetical protein YqjD/ElaB family (stress response?)
PP_1499 Hypothetical protein
PP_1887 Hypothetical protein - YD repeat domain Repeats may bind carbohydrates
PP_2219 Hypothetical protein
PP_2345 Hypothetical protein
PP_2396 Hypothetical protein Periplasmic protein
PP_3007 Hypothetical protein
PP_3010 Hypothetical protein Putative lipoprotein
PP_3130 Hypothetical protein Glycoside hydrolase family (EPS turnover?)
PP_3580 Hypothetical protein
PP_3662 Hypothetical protein Nucleotide 5′-monophosphate nucleosidase YgdH-like superfamily
PP_3901 Hypothetical protein Predicted phage protein
PP_3909 Hypothetical protein
PP_3963 Hypothetical protein Stress-induced protein (KGG repeat) domain
PP_4793 Hypothetical protein
PP_5099 Hypothetical protein
PP_5209 Hypothetical protein FliL-like protein
PP_5232 Hypothetical protein
PP_5395 Hypothetical protein Branched-chain polyamine synthase domain
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FIGURE 1 | Distribution of fold enrichment (left) and −10 × Log10(p-value) scores (right) data of overrepresented RNA sequences associated to each Rsm protein
(orange, RsmA; green, RsmE; blue, RsmI) with respect to total RNA. Data were grouped in the value intervals indicated in the X-axis, where the number corresponds to
the upper limit of each interval. The histograms (primary Y-axis) show the frequency of targets in each interval. The crimson lines (secondary Y-axis) correspond to the
cumulative percent values. The different color intensities in the histograms and lines correspond to the different biological replicates for each protein.
FIGURE 2 | (A) Venn diagram summarizing the number of targets identified for the three Rsm proteins in P. putida KT2440, according to the selection parameters
detailed in the text. (B) Graphical representation of the different functional categories encompassing the 75 common targets.
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rsmY and rsmZ, being only partially conserved in PP_mr55
(Supplementary Figure S4), and absent in the remaining RNAs
(not shown). All these data suggest that rsmY and rsmZ are the
main, if not the only, true antagonists of Rsm proteins in P.
putida. The remaining non-coding RNAs that are targets of
these proteins may regulate further downstream elements in the
Gac/Rsm cascade.
Additionally, several intergenic sequences were found among
the targets for the three proteins. These correspond to regions
adjacent to the different copies of the ISPpu8 transposase in the
genome of P. putida KT2440 or are potential insertion sites (or
remnants of previous insertions) of this transposase, based on
their sequence identity with ISPpu8 flanking regions. Whether
Rsm proteins influence the activity of this mobile genetic
element in KT2440 is an interesting issue that deserves
further study.
As mentioned above, a significant number of targets seem to
be exclusive for one of the three proteins. A few of these
correspond to enriched peaks that were below the established
cut-off parameters in some samples, and therefore could
represent common targets showing different affinities for
each protein, with a strong preference for one of them.
Such is the case, for example, of PP_0013 (gyrB), which is
among the above-cut-off targets for RsmA but slightly below
the FE and/or p-value cut-off for the other two proteins. Other
targets are only enriched in association with one of the Rsm
proteins and are not present in the RNA population associated
to either of the other two, indicating they are truly specific for
that Rsm homolog, e.g. PP_1656 (relA) for RsmA, PP_0168
(lapA) for RsmE, or PP_1803 (wpbV) for RsmI. Identifying the
molecular basis for such specificity will require detailed
bioinformatics analysis combined with in vitro and in vivo
assays.
Supplementary Figure S5 provides data corresponding to
β-galactosidase activity of several translational fusions of
identified targets to lacZ in the wild type KT2440 and a
triple rsmArsmErsmI deletion mutant, ΔIEA (Huertas-
Rosales et al., 2016). In most cases, expression was
enhanced in the mutant, indicating that the observed
binding to their RNA targets leads to translation
repression by these proteins; these results are consistent
with previous observations on their influence upon
TABLE 4 | Non-coding RNAs identified as targets for each Rsm protein.
Fold-enrichmenta
Locusb Length (bp) RsmA RsmE RsmI
PP_mr05 (rsmY) 127 8.36 16.46 6.88
PP_mr15 209 3.83 5.37 (3.49)
PP_mr22 (rsmZ) 134 4.58 11.58 (5.11)
PP_mr44 385 2.87 6.49 3.22
PP_mr49 97 3 — (3)
PP_mr52 149 2.36 6.96 4.72
PP_mr53 395 3.93 (3.76) 3.53
PP_mr55 82 — 5.20 —
PP_mr57 254 8.17 — —
PP_mr59 97 2.42 (2.96) (2.1)
aValues in parentheses indicate targets below the p-value and/or fold-enrichment cutoffs.
Minus sign indicates the target is not present in one or more of the enriched RNA replicas.
bAnnotated according to 54.
FIGURE 3 |Binding of RsmA-His6 (A), RsmE-His6 (B) and RsmI-His6 (C)
to full-length rsmY RNA transcribed in vitro, and of RsmA-His6 to a synthetic
RNA fragment comprising the untranslated upstream region of rpoS (D).
EMSAs were carried out using fluorescently labeled RNA (5 or 10 nM)
and incubated in the absence or presence of increasing concentrations of
purified Rsm proteins, as indicate above each lane, or in the presence of 100-
fold excess of unlabelled RNA competitor and the indicated concentration of
protein (C).
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biofilm-related elements (see below). However, the inverse
was true for two of the tested fusions, those corresponding to
PP_1088 (argG, involved in arginine synthesis; Ramos-
González et al., 2016) and PP_4482 (part of the gene
cluster encoding the main arginine transporter and its
regulator; Barrientos-Moreno et al., 2020). In these cases,
expression was approximately halved in the mutant with
respect to the wild type.
c-Di-GMP Signaling and Biofilm-Related
Targets
As indicated in the Introduction, the three Rsm proteins have
been shown to bind a specific site in the mRNA corresponding
to the response regulator with diguanylate cyclase activity
CfcR, and a triple rsm mutant in KT2440 shows increased
levels of c-di-GMP and altered biofilm dynamics (Huertas-
Rosales et al., 2016; Huertas-Rosales et al., 2017). Intriguingly,
cfcR mRNA was not among the common targets listed in
Table 3, being only found as target for RsmE and RsmI.
The cfcR transcript is actually among the RsmA-bound
RNA sequences overrepresented with respect to the control
RNA, but the FE values (1.82 and 1.88 in each replicate,
respectively) are below the established cut-off. This could
indicate that binding of RsmA to the mRNA of cfcR in vivo
is hampered by competition with the other two Rsm proteins, a
possibility that has been previously suggested, based on in vivo
expression data of cfcR compared to the high affinity observed
for the RsmA/cfcR mRNA interaction in vitro (Huertas-
Rosales et al., 2017).
Besides cfcR, transcripts from four other genes encoding
proteins predicted to participate in c-di-GMP turnover and
signaling were identified in this analysis, one of them (encoded
by locus PP_0563) as target of the three proteins, and the rest
(PP_0386, PP_0914, PP_2505), as targets of RsmE. Of these,
the proteins encoded by PP_0563 and PP_2505 present
GGDEF domains, characteristic of diguanylate cyclases. The
first corresponds to GcbA, a diguanylate cyclase conserved in
Pseudomonas, which has been reported to influence initial
attachment and swimming motility (Petrova et al., 2014; Xiao
et al., 2016). PP_0914 corresponds to the EAL domain-
containing phosphodiesterase BifA, described to regulate
biofilm development in P. putida (Jiménez-Fernández et al.,
2015), and PP_0386 encodes a protein containing both
GGDEF and EAL domains. Other relevant biofilm-related
transcripts bound by RsmE included: lapA, encoding the
main adhesin of P. putida, essential for initial attachment
and biofilm formation (Hinsa et al., 2003; Martínez-Gil
et al., 2010); the first gene in the cellulose synthesis operon;
and genes in the operon encoding the species-specific EPS Pea
FIGURE 4 | Schematic view of the connection between the Gac/Rsm signaling cascade with biofilm formation through c-di-GMP turnover, adhesins and
exopolysaccharides. The Rsm proteins exert a complex regulation on the response regulator with DGC activity CfcR, at the transcriptional (via RpoS), translational (via
direct binding), and post-translational (via the histidine kinase CfcA, required for phosphorylation of CfcR) levels. Direct influence of Rsm proteins on structural elements of
the biofilm matrix, and indirect influence via RpoS and the c-di-GMP associated regulator FleQ are also depicted. Blue arrows indicate positive regulation and red
lines negative regulation.
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(Nilsson et al., 2011), which is also a target for RsmA. Neither
lapF, encoding the second relevant adhesin present in KT2440
(Martínez-Gil et al., 2010), nor the other two EPS operons
described in this strain (Nilsson et al., 2011) were identified in
this analysis.
Since altered expression of translational fusions corresponding
to some of the genes indicated aboved has been previously
observed in a triple rsmAEI mutant (Huertas-Rosales et al.,
2016), it is likely that the observed expression changes are due
to an indirect effect of Rsm proteins through other regulators.
One such regulator is the stationary phase sigma factor RpoS,
which controls expression of lapF (Martínez-Gil et al., 2010). RpoS
was found to be negatively regulated by RsmA In P. protegens CHA0
(Heeb et al., 2005), and the mRNA corresponding to rpoS (PP_1623)
is among the targets for RsmA inKT2440 (Supplementary Table S1).
Moreover, binding of RsmA to an in vitro transcribed RNA fragment
containing the ribosome binding site and start codon of rpoS was
confirmed via EMSA (Figure 3). Given that expression of cfcR is also
regulated by RpoS (Matilla et al., 2011), these results support the
previously proposed model whereby Rsm proteins exert a dual
control, direct and indirect, on cfcR (Huertas-Rosales et al., 2017).
Remarkably, the gene cfcA, encoding a sensor histidine kinase essential
for activation of CfcR (Ramos-González et al., 2016), is among the
targets for the three proteins, indicating that c-di-GMP signaling
through CfcR is tightly regulated by the Gac/Rsm network. A
schematic view of this signaling cascade connecting external
stimuli with biofilm formation through Rsm elements is depicted
in Figure 4.
Influence of Rsm Proteins on Nutrient
Utilization and Rhizosphere Fitness of
P. putida KT2440
Among the shared targets for the three riboregulators, about a third of
the transcripts with known or predicted functions correspond to genes
withmetabolism-related roles inKT2440 (Figure 2B andTable 4). This
was expected since previousfindings have establisheddirect and indirect
connections between the CsrA/Rsm system and metabolism as well as
carbon storage functions (Sabnis et al., 1995; Yang et al., 1996; Pannuri
et al., 2016; Romero et al., 2018). Furthermore, a significant number of
targets identified for one or more of the Rsm proteins included
transcripts from genes related to transport of nutrients (Figure 2B
and Table 3). All this prompted us to carry out a preliminary high
throughput study comparing the growth of KT2440 wild type strain
and a triple rsmAEI mutant derivative (ΔIEA; Huertas-Rosales et al.,
2016) in BIOLOGplates using 192 and 96 compounds as sole carbon or
nitrogen source, respectively. A sample of some of the obtained data is
shown in Supplementary Figure S5. Growth differences between the
two strains were observed for several compounds, particularly certain
amino acids and their derivatives. Further detailed evaluation of growth
in some of these compounds confirmed the existence of differences
between KT2440 and the triple rsmmutant. In particular, a prolonged
FIGURE 5 |Growth of KT2440 (blue) and the triple rsmmutant (red) in M9minimal mediumwith 5 mM L-lysine, L-arginine, L-histidine or glucose as carbon source.
Cultures were grown in 96-well plates at 30°C andOD420–580 was read at 1-h intervals in an automated BioScreen equippedwith a wide band filter (420–580 nm) tominimize
potential alterations due to changes in medium color. Data are averages and standard deviations of experiments done in duplicate, with three technical replicas each.
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lag phase was observed in the mutant with L-lysine as carbon source,
and to a lesser extent with L-arginine, although the final turbidity
reached by both strains with this last amino acid was similar (Figure 5).
In contrast, growth differences were less evident with the other basic
amino acid L-histidine (Figure 5).
These results evidenced that the Rsm system may play a
regulatory role in metabolism and/or uptake of nutrients,
particularly of basic amino acids, in KT2440. Hence, potential
Rsm-enriched targets explaining these divergences were explored.
A survey of the identified RNA molecules related to these processes
indicated that those corresponding to arcD (PP_1002; arginine-
ornithine antiporter) and hisP (PP_4483; ATP-binding subunit of
a histidine/lysine/arginine/ornithine transporter) are targets for RsmE;
artJ (PP_0282; L-arginineABC transporter substrate-binding subunit)
and amaD (PP_3596; D-lysine oxidase) are targets for RsmA, and
amaB (PP_5258; L-piperidine-6-carboxylate dehydrogenase) is a
target for both RsmE and RsmI (Supplementary Table S1). Based
on data from the Kyoto Encyclopedia of Genes and Genomes (www.
genome.jp/kegg/), AmaB is involved in catabolic pathways for L-lysine
and L-arginine in P. putida, participating in the conversion of
aminobutanal, N4-acetyl-aminobutanal, and 4-trimethyl-
ammoniobutanal into their corresponding butanoate derivatives.
Besides glucose metabolism, a connection has been established
in E. coli between CsrA and the stringent response (Edwards et al.,
2011), a regulatory network triggered by amino acid limitation
and controlled by the RelA and SpoT proteins. It should be noted
that besides the targets indicated above in relation with arginine
and lysine utilization, the relA (PP_1656) mRNA is also a target
for RsmA (Supplementary Table S1).
Previous reports have established that hisP and genes involved in
lysine catabolism are preferentially expressed in KT2440 in the
rhizosphere of corn plants (Espinosa-Urgel and Ramos, 2001;
Matilla et al., 2007). In addition, a connection beween arginine
transport and c-di-GMP signaling in this strain has been recently
reported (Barrientos-Moreno et al., 2020). These facts, and the
influence of Rsm proteins on biofilm formation and surface
motility, along with the identification of c-di-GMP turnover
elements and other biofilm-related genes as targets of these
proteins, made us analyze if mutants in rsm genes showed altered
fitness in the rhizosphere. Competitive root colonization assays were
done in corn (Zea mays L.) plants with the wild type and single (ΔI,
ΔE, ΔA), double (ΔIE,ΔIA,ΔEA) and the triple (ΔIEA) rsmmutants
(Huertas-Rosales et al., 2016). For that purpose, germinated corn seeds
were inoculated with miniTn7Km-tagged KT2440 and each mutant
tagged with miniTn7Sm, in a 1:1 proportion. Plants were sown in
sterile sand and the population of each strain was evaluated in the
whole root and in the root tip after 7 days. Results are shown in
Figure 6. The mutation in rsmA caused a slight reduction in
competitive colonization of the whole root and a much larger
effect when root tip colonization was evaluated. This phenotype
was not observed in the other single mutants, nor in the ΔIE
double mutant. However, while the results with the ΔIA double
mutant were similar to those obtained with the ΔA single mutant, a
cumulative effect could be observed in the ΔEA strain, which showed
a significant decrease in colonization of both the whole root and the
root tip. This phenotype was very similar to that observed in the triple
mutant. In this set of experiments the Sm resistancemarker seemed to
confer a slight advantage over the Km resistance marker, according to
the results obtained with the wild type derivatives tagged with each
mini-Tn7 (Figure 6). This could suggest that the actual influence of
the rsm mutations might be larger than observed here.
The loss of fitness in the rhizosphere of the ΔEA and ΔIEA
mutants may result from the overall influence of Rsm proteins on
different metabolic processes, including amino acid transport, while
the reduction in root tip colonzation could correlate with the
previously observed decrease in swimming motility in the ΔEA
and ΔIEA strains and the lack of swarming motility of all the rsm
mutants, with the exception of ΔI, which still retained some surface
motility (Huertas-Rosales et al., 2016). It will also be of interest to
explore whether the type VI secretion system K1, some of whose
genes were identified in our study (Table 3), may contribute to the
fitness of KT2440 in the rhizosphere. It has been reported that this
system can provide a competitive advantage to this strain in the
presence of phytopathogenic bacteria (Bernal et al., 2017).
CONCLUDING REMARKS
This work represents the first effort to define the global regulatory
network commanded by Rsm proteins in P. putida. Besides exposing
its complexity and the vast influence that post-transcriptional
regulation is bound to have in this bacterium, ranging from amino
acid metabolism to potential transposon-mediated DNA
rearrangements, the information obtained leads to a relevant
question to be analyzed in detail, i.e. the characteristics by which
FIGURE 6 | Colonization capacity of mutants in rsm genes in
competition with the wild type in the rhizosphere (circles) and the root tip
(triangles) of corn plants. KT2440 tagged with miniTn7-Km was co-inoculated
in a 1:1 proportion with each of the mutants, which were tagged with
miniTn7-Sm. To check the potential effect of the antibiotic resistance markers,
a competitive colonization assay co-inoculating KT2440 miniTn7-Km and
KT2440 miniTn7-Sm (KT-Sm) was also included as control. The index of
colonization fitness was measured as 1/[(percentage of recovered wild type
vs. each mutant per plant 7 days post-inoculation)/(percentage wt vs. mutant
in the initial inocula)]. A value of 1 (broken line) indicates equal colonization
capacity. Data are the averages and standard errors for six plants.
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an RNA molecule constitutes a shared target for the three Rsm
proteins or is selectively bound by only one or two of them.
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